Physical exercise is a promising countermeasure for osteoporosis and strengthens skeletal muscle as well, resulting in a reduction of the risk of fall. However, physical exercise is not always safe and practicable, in particular, for osteoporotic patients with a decline in physical ability or under bed rest situation. We focused on electrically-elicited muscle contraction to prevent bone loss without any voluntary physical activities. To provide basic knowledge to determine effective stimulation patterns in this method, this study aimed to investigate the stimulation frequency and resting time dependencies of muscle contraction induced by electrical stimulation using rats, which is caused by muscle fatigue during the stimulation. A rat quadriceps was stimulated continuously or intermittently for 30 minutes by giving a repetition of 10-s electrical stimulation at 2, 5, 10, or 20 Hz, followed by 0-, 10-, or 20-s resting time. The change in muscle contraction force was monitored over the stimulation period, and average peak-to-peak force and accumulated peak-to-peak force for 30 min were analyzed as mechanical stimulus parameters. The data showed a larger decrease in the average peak-to-peak force at higher frequencies and with shorter resting times. The largest average peak-to-peak contraction force was observed in the 2-Hz stimulation with 20s-rests, which was larger 1.8, 3.7, and 8.1 fold than those in the 5-, 10-, and 20-Hz stimulation with 20s-rests, respectively. The 10s-rest did not show any increase in average peak-to-peak force when compared with the no-rest. On the other hand, the largest accumulated peak-to-peak contraction force was represented in the 10-Hz stimulation without resting time, larger 1.8, 1.2 and 4.2 fold than those in the 2-, 5-, and 20-Hz stimulation without resting time, respectively. Resting times did not contribute to increase in accumulated peak-to-peak force. These findings would contribute to basic researches on the prevention of osteoporosis using the electrically-stimulated muscle contraction, in particular, by providing useful information for the determination of stimulation pattern.
Introduction
Osteoprosis is characterized by low bone mass and mineral density leading to structural deterioration, which results in an increase in the risk of fracture. For the elderly population, osteoporotic fracture is a severe health problem, not only spoils their life of quality (QOL) by the consequent decline of physical functions (1) , but also reduces their life expectancy (2) . Various interventions to prevent bone loss consequent to osteoporosis have exercise, on the other hand, could be easily carried out as a preventive strategy for bone loss, and strengthen skeletal muscle as well, resulting in a reduction of the risk of fall (6) .
However, intensive physical exercise is not safe and practicable for all osteoporotic patients, in particular, for who have a decline in physical ability or under bed rest conditions. We focused on electrically-elicited muscle contraction as a safer and practicable modality of mechanical stimulation to prevent bone loss without any voluntary physical activities. Neuromuscular stimulation by electricity, which causes involuntary skeletal muscle contraction, has been utilized clinically to restore functional movement in spinal cord injured (SCI) patients (7, 8) . This therapy also has been attempted to obtain a benefit to the prevention of bone loss brought by physical disability in SCI patients (9) (10) (11) (12) (13) . Using animal models, the osteogenic effect of this method has been investigated in the previous studies, in which animal limbs were immobilized (14) , paralyzed (15) , or unloaded (16) (17) (18) (19) (20) to elicit osteopenia. Taken together, the positive osteogenic effect of this method has been supported generally, although a few partial (9, 18) , or negative (12) effects were reported. However, a controversy still exists in the selection of stimulation regimen to elicit a beneficial osteogenic effect from muscle contraction. In particular, stimulation frequency and resting time are crucial factors associated with the fatigue of muscle. Muscle fatigue is characterized as the decline in peak contraction force, maximal velocity, and peak power during exercise, governed by the mechanism of cross-bridge cycle with the actin-myosin binding (21) , which diminishes mechanical stimulation to the bone. Either higher frequency or shorter resting time should induce more muscle fatigue. Various combinations of frequencies (e.g., 24 Hz (15) , 1, 50, and 100 Hz (17) , 30 Hz (18) , 1, 20, 50, and 100 Hz (19) ) and resting times (e.g., 10 s (15) , 3 and 4 s (17) , no rest (18, 19) ) have been chosen for electrical muscle stimulation, in almost all the cases, without confirming contraction muscle forces induced by the stimulation patterns, meaning no rational reasons to select them. The objective of this study is to investigate the stimulation frequency and resting time dependencies of electrically-induced muscle contraction force using rats, by monitoring the induced contraction force of quadriceps. Additionally, as mechanical stimulus parameters, average peak-to-peak force and accumulated peak-to-peak force were analyzed and compared among the selected combinations of stimulation frequency and resting time. With the obtained data, the potential of the combinations for osteogenesis was discussed.
Materials and Methods

Electrical stimulation signals
To elicit a single tetanic contraction from a rat quadriceps, a electrical pulse train (PT) of about 50 ms, in which each pulse has a duration of 552 µs and a duty ratio of 50%, was used (Fig.1a) . Electrical stimulation signal (ES) was composed of cyclic bipolar PTs with a peak of ± 2 mA, producing the periodic contraction of the muscle (Fig.1b) . By adjusting the interval between PTs, PT-repetition frequencies (transcribed as 'stimulation frequencies' in this manuscript) of 2, 5, 10, and 20 Hz were made. Three stimulation patterns were prepared: 1) continuous stimulation with no rest (Fig.1c) ; 2) intermitted stimulation with a repetition of a ES for 10 s followed by a rest for10 s (Fig.1d) ; and 3) intermitted stimulation with a repetition of a ES for 10 s followed by a rest for 20 s (Fig.1e) . All the stimulations were given to a rat quadriceps for 30 min, and the change in contraction force of the muscle with the stimulation time was monitored by using a force transducer described below.
Measurement of electrically-induced muscle contraction force
Fifteen Sprague Dawley (SD) rats (12-week old, female, body weight: 207-245 g) were used for the experiments. Experimental procedures were approved by the committee on animal experimentation of Kanazawa University (approval number: AP-081078). Electrical stimulation was given by needle-type stainless steel electrodes (φ 0.45 mm, L 13 mm, Terumo, 26G) to the left quadriceps muscle of rat, which was opened by dissecting the thigh, under anesthesia by intraperitoneal injection of pentobarbital sodium (0.821 mg/kg) (Fig.2) . The electrodes were inserted perpendicularly to the muscle on the lateral surface with an interval of about 10 mm in the longitudinal direction. The quadriceps was disconnected from the patella by cutting the patellar tendon at the patella, and then, was tied with a nylon string of 0.2 mm in diameter (Alfresa, HT1604NA75) at the distal end of the quadriceps. The other end of nylon string was connected to the free end of a cantilever beam (W 10 × L 56 × t 1.5 mm) made of phosphor bronze (Fig.3a) to measure electrically-induced muscle contraction force. Since this cantilever allows small displacement, which is estimated about 0.043 mm at the free end under the average muscle contraction force of 25 gf (Fig.4a) , quasi-isometric muscle contraction force is measured through the nylon string. To prevent disturbance by accidental motions of the lower leg during the stimulation, the leg was immobilized by tying it to a pin. Moreover, the body of rat was fixed by taping it on the force transducer. The bend of cantilever by muscle contraction is detected by using two semiconductor strain gauges (gage length: 1 mm, 350 Ω, Kyowa, KSP-1-350-E4) (Fig.3a) (Fig.3b) . From obtained time course data of cyclic muscle contraction over the stimulation period, every peak-to-peak value of contraction force were determined by using a program written by Visuals Basic  .
Each peak-to-peak force was normalized to the peak value of the first contraction to eliminate variations brought by the setting error of electrodes and the individual difference of rat. Using the normalized peak-to-peak forces, average peak-to-peak force for 1 min and accumulated peak-to-peak force over the 30-min stimulation time were calculated.
Bone strain measurement
Five SD rats (12-week old, female, body weight: 231-254 g) were used for the experiments. A left thigh was dissected, and the anterior periosteal surface of the femur was exposed under the anesthesia. A single element type strain gauge (gauge length: 0.2 mm, 120 Ω, Kyowa, KFG-02-120-C1-11L1M2R), was fixed to the anterior periosteal surface with cyanoacrylate glue at the midshaft in the direction of bone axis. Leaving the quadriceps-patella connection intact, the quadriceps was stimulated electrically by the 2-Hz continuous mode (Fig.1c) for 10 s using the system shown in Fig. 3b . Signals from the strain gauge were sent to a personal computer via a signal conditioning amplifier (Kyowa, CDV-700A), and converted to strain values using the calibration factor. Strain waveforms on the femur induced by a single PT were measured under quasi-isometric condition with a lower leg immobilized by a pin as mentioned above, or under isotonic contraction, in which the knee joint can rotate freely without the immobilization. Bone strain waveforms were averaged for the five rats.
Statistical method
One-way analysis of variance (ANOVA) (KaleidaGraph  , Version 3.6, Synergy Software) followed by Tukey's HSD test was used to examine statistical significance in the average and the accumulated peak-to-peak contraction force among the groups. Statistical significance was examined if the p-value was 0.05 or lower.
Results
Single tetanic contraction in response to a PT
A single PT for 50 ms caused a transient tetanic contraction of rat quadriceps with a peak of about 25 gf in quasi-isometric condition (Fig.4a) . The contraction force rose immediately and reached a peak at 35 ms, and then dropped to several gf at 100 ms, but lasted by 250 ms after the initiation of PT. The response of bone strain on the anterior surface of femur showed a similar profile, but delayed following the contraction force (Fig.4b) . Bone strain had a peak of about 320 µstrain at 45 ms, fell down to under 20 µstrain at 150 ms, and then returned to zero at 380 ms eventually. In isotonic contraction, on the other hand, the peak and the duration of bone strain were about 150 µstrain (at 39 ms) and 550 ms, smaller and longer than those in quasi-isometric contraction, respectively. A curve representing the relationship between quasi-isometric contraction force and bone strain showed a remarkable hysteresis loop, which would be caused by the viscoelastic characteristics of the tendons and ligaments connecting to the bone (Fig.4c) . 
Time course of muscle contraction force
The response of rat quadriceps to electrical stimulation depended on stimulation frequency. Fig. 5 shows the waveforms of contraction force for 3 seconds, induced by continuous electrical stimulations at all the stimulation frequencies. The force peak of each contraction decreased with increasing the cyclic number of PT shots. This decrease in peak force occurred rapidly more at the higher stimulation frequencies. Moreover, the higher frequencies left the bottom peaks higher over zero, resulting in smaller peak-to-peak forces.
Figs.6 shows the time course of average peak-to-peak contraction force over the 30-min stimulation period. Each value shows the average for 1 min and the representative of data for 30 s before and after that time point. With increasing in stimulation frequency, the overall average peak-to-peak force decreased. Compared among no-rest groups, the 2-Hz stimulation kept average peak-to-peak forces over 40% of the first peak. On the other hand, the higher stimulation frequencies of 5 Hz, 10 Hz, and 20 Hz decreased overall average peak-to-peak forces to over 25%, 15%, and 3% of the first peak, respectively. Inserting the 20s-rest between ESs prevented the reduction of average peak-to-peak force. This preventive effect of resting time was remarkable in lower stimulation frequency. The 20s-rest raised overall average peak-to-peak forces to over 76% of the first peak in the 2 Hz-stimulation, but to over 48%, 24%, and 10% in the 5 Hz-, 10 Hz-, and 20 Hz-stimulation, respectively. The 10s-rest showed a little or no effect on the recovery of average peak-to-peak force. 
Comparison of mechanical stimulation parameters
Using averaged values for the last 1 min of the 30-min stimulation time, the reductions of peak-to-peak contraction force were compared among all the groups (Fig.7) . In the same frequency group, the average peak-to-peak force was the largest when 20s-rests were inserted. In particular, the 2-Hz stimulation with 20s-rests showed significantly the largest value (89%) among all the groups, which was larger 1.8 fold (p < 0.05), 3.7 fold (p < 0.001), and 8.1 fold (p < 0.0001) of those in the 5 Hz-, 10-Hz, and 20-Hz stimulation with 20s-rests, respectively. The 10s-rest did not show any significant change in the average peak-to-peak force compared to the no-rest at the end of 30-min stimulation period. Obviously, larger cyclic number of stimulation is given to no-rest groups than the other groups with rests. As cyclic number is also increased with increasing stimulation frequency, consequently, the 20-Hz stimulation without rests has the largest cyclic number (36,000 cycles), in all the groups. On the other hand, the 2-Hz stimulation with 20s-rests has the smallest number (1,200 cycles). Accumulated peak-to-peak force, which is the sum of peak-to-peak forces over 30 min, showed a different manner from the above mentioned parameters (Fig.8) . No-rest groups had higher values than groups with rests except in the 20-Hz group. The largest value was observed in the 10-Hz stimulation without rests, larger 1.8 fold (p < 0.05), 
Discussion
Our data demonstrated that the time change in electrically-stimulated muscle contraction force strongly depends on stimulation frequency and resting time. This result would be quite reasonable and could be explained with muscle fatigue. When compared in the same resting time, higher frequencies decreased more average peak-to-peak forces, suggesting more rapid progress of muscle fatigue at the higher frequencies. On the other hand, the longer resting time maintained more average peak-to-peak force than the shorter ones at the same frequency, showing much recovery from muscle fatigue by giving longer time of rest.
In this study, a single electrical PT composed of 45 pulses, one of which has 552-µs duration and 50% duty ratio, was given to a rat quadriceps in quasi-isometric condition. The Fig. 7 Comparison of peak-to-peak contraction forces averaged for the last 1 min of the 30-min stimulation among all the combinations of stimulation frequency and resting time. Each peak-to-peak force was normalized to the 1st peak force before the averaging. Symbols: *p < 0.05 and **p< 0.01 vs. no-rest group in the same frequency. Each peak-to-peak force was normalized to the 1st peak force before the accumulation. Symbols: *p < 0.05 vs. no-rest group in the same frequency. PT stimulates the muscle at 906 Hz of 'pulse-repetition frequency', causing a single tetanic contraction. The contraction force showed a peak at the later part of the PT of 50 ms (Fig.4a) , suggesting that this peak is the maximum contraction force the muscle can generate. During the continuous stimulation mode, the upper peak of each contraction decreased when increasing the cyclic number of PT shots. This decrease in upper peak force seems to be caused by the accumulation of muscle fatigue, because of more rapid decrease observed at higher stimulation frequencies (PT-repetition frequencies). On the other hand, the bottom peaks did not return to zero when increasing stimulation frequency. It is speculated that, since the decline of contraction force after the peak continues even after the finish of PT (Fig.4a) , the next PT coming early at higher stimulation frequency stops the force from dropping and re-raises it.
To discuss the osteogenic effect of electrically-induced muscle contraction, several previous theories dealing with a relationship between mechanical stimulus and its osteogenic effect are introduced below. A magnitude of bone strain is one of dominant factors to determine mechanically-adaptive remodeling of bone. In this study, the maximum bone strain was observed as a peak under the stimulation of a single PT (Fig.4b) , which was about 320 µstrain in quasi-isometric contraction or about 150 µstrain in isotonic contraction. This suggests that quasi-isometric contraction has a higher osteogenic effect than isotonic contraction. However, bone strain over 1000 µstrain of magnitude is recognized generally to start new bone formation in animal models (22, 23) . Therefore, all the combinations of stimulation frequency and resting time selected in this study would not gain more bone mass, but could maintain it, because that the magnitude of bone strain were over 50 µstrain, under which bone losing starts (24) . Contrary to the above simple strain threshold theory, Rubin et al. (25) demonstrated that a low magnitude, high frequency mechanical loading at 30 Hz increased significantly trabecular bone density in the proximal femur of sheep hindlimbs with only 5 µstrain of bone strain. This finding suggests that muscle contractions at higher frequency have a potential for the promotion of osteogenesis, even though small bone strains, implying the osteogenic potential of the combination of 20 Hz and no-rest in this study. Carter and colleagues (26, 27) proposed another theory, in which bone apparent density can be predicted by the daily stress stimulus (DSS), which is calculated by a linear superposition of the mechanical stimulus provided by different daily physical activities. This theory has succeeded in notifying us the importance of accumulation of cyclic mechanical stimulation to determine whether bone mass is maintained, increased, or lost. In our study, the combination of 10 Hz and no resting time demonstrated the maximum accumulated peak-to-peak force among the selected combinations of stimulation frequency and resting time. The higher frequency (20 Hz) failed to increase this accumulation, because of decline in the force by muscle fatigue although larger cyclic number. Neither 10-s nor 20-s resting time contributed to increasing in accumulated peak-to-peak force. Our result of accumulated peak-to-peak force suggests the optimal stimulation pattern in terms of DSS. However, this theory still have a limitation in providing absolute values of DSS to determine the state of bone remodeling, requiring some modifications (28, 29) . Nevertheless, based on this theory, larger accumulated peak-to-peak force should have a higher potential for the promotion of osteogenesis. Further studies are necessary to prove this hypothesis. This study prepared only four stimulation frequencies up to 20 Hz and two resting times of 10 s and 20 s for the electrical stimulation to a rat quadriceps, which is the limitation of this study. Therefore, the response of the muscle out of this range is unknown. However, it is natural that peak-to-peak contraction forces would be decreased more at frequencies higher than 20 Hz, and increased more with resting times longer than 20 s. Even including the further ranges, the maximum accumulated peak-to-peak force should exist around the combination of 10 Hz and no resting time. 
Conclusion
By monitoring the contraction force of rat quadriceps induced by cyclic electrical stimulations, this study revealed the stimulation frequency and the resting time dependencies of electrically-stimulated muscle contraction force. Higher frequencies decreased more the peak-to-peak contraction forces of the muscle and longer resting times recovered more the reduction of peak-to-peak force. Accumulated peak-to-peak force showed the largest value at the specific combination composed of a frequency of 10 Hz and no resting time. Resting times did not contribute to increase in accumulated peak-to-peak force. These findings would contribute to the research field on the prevention of osteoporosis by electrical muscle stimulation, in particular, by providing useful information in the determination of stimulation pattern.
